Cardiac progenitor cells (CPCs) are a promising candidate for cardiac regeneration, and the interaction between CPCs and their microenvironment can influence their regenerative response. Notch signaling plays a key role in cell fate decisions in the developing and adult heart. Here, we investigated the effect of three-dimensional (3D) spheroid culture, as a model of the 3D microenvironment, on Notch in fetal and adult human CPCs, under room air (20%) and physiological (5%) oxygen tension. Notch signaling is enhanced in 3D spheroids; spheroid culture under 5% O 2 further increases Notch signaling enhancement, and might ultimately improve the regenerative potential of CPCs.
Introduction
Cardiac disease is one of the main causes of death worldwide. After injury, the heart muscle displays very limited regeneration, in which resident cardiac progenitor cells (CPCs) seem to play a role. [1] Despite their acknowledged regenerative potential, [2] [3] [4] very little is known about the actual role of CPCs, particularly of human origin, in cardiac repair and regeneration. Among the different CPC populations that have been identified, human cardiomyocyte progenitor cells (CMPCs) represent a promising candidate for cardiac regeneration, due to their presence in fetal and adult heart, and the capacity to differentiate into the three cardiac lineages (cardiomyocytes, endothelial, and smooth muscle cells). [3, 5] Another interesting source of human CPCs is represented by the cardiosphere model. Cardiospheres (CSps) are cardiac-derived multicellular spheroids, spontaneously formed by cells migrating from cardiac tissue explants and subsequently cultured on a poly-D-lysine-coated dish. [6, 7] CSps can serve as an interesting in vitro model of the cardiac stem cell niche. [8] Compared with traditional two-dimensional (2D) culture, multicellular spheroids provide a microenvironment that more closely mimics the in vivo physiology. These model systems recapitulate key features of the endogenous cell niche, such as improved cellcell and cell-extracellular matrix (ECM) contacts, as well as gradients of oxygen and nutrients between periphery and core of the spheroid. [8] [9] [10] [11] Improved knowledge on the mechanisms that regulate CPC behavior and functions, such as survival, proliferation, and differentiation, is needed. In particular, the interaction of CPCs with the niche in which they reside is of pivotal importance to ultimately direct their behavior toward cardiac regeneration.
Notch is a cell-cell signaling pathway that regulates many cellular functions, such as survival, proliferation, and differentiation. [12] [13] [14] In the heart, Notch is essential during development, [15, 16] and it is inactivated in cardiomyocytes after birth. [14] However, its reactivation after myocardial damage indicates that Notch plays a key role in cardiac repair. [13, 17] In CPCs, activation of the Notch pathway is known to induce cell proliferation, [13] and is needed for the onset of cardiomyogenic differentiation, at the same time maintaining the cells in a proliferative state. [13] Here we use CSps, of both adult (CSps) and fetal origin (CMPC-CSps), as a model to investigate the Notch pathway in CPCs under room air (20% O 2 ) and tissue physiological (5% O 2 ) oxygen tension (often referred to as "hypoxia"). Our results show that a 3D in-vivo-like microenvironment, as provided by the CSp system, enhances Notch signaling in fetal and adult CPCs as compared with the respective cell monolayers. Moreover, the signaling enhancement provided by the 3D culture is further increased under hypoxic conditions. These findings provide fundamental knowledge on the interactions between CPCs and the conditions of the cardiac microenvironment, such as 3D culture and different oxygen tension conditions.
Materials and methods
CMPCs were isolated from fetal human hearts by magnetic sorting using Sca-1-coupled beads. L9TB cell line was immortalized by lentiviral transduction of hTert and BMI-1, and cultured in SP++ growth medium, according to published protocols. [5] CMPC-CSps were obtained by seeding L9TB CMPCs on poly-D-lysine-coated 12-multiwell plates with a density of 1.6 × 10 4 cells/cm 2 and cultured in CSp medium (CSM). Adult explant-derived cells (EDCs) were isolated from human surgical auricular biopsies, as previously described. [6, 7] Once 80% of confluency was reached, EDCs were collected and seeded on poly-D-lysine-coated 12-multiwell plates with a cell density of 9 × 10 3 cells/cm 2 to form CSps. CMPC-CSps and CSps spontaneously formed after 5 days of culture in either room air (20% O 2 ) or physiologic (5% O 2 ) oxygen conditions, and collected at this time-point. CSps were seeded on a fibronectin-coated flask to obtain CSp derived cells (CDCs). CMPCs, CMPC-CSps, EDCs, CSps, and CDCs were grown in either room air (20% O 2 ) or in tissue physiologic (5% O 2 ) oxygen conditions Table I ; for details on cell isolation methods and culture medium composition; see Supplementary Material).
Total RNA was isolated from one sample per group per experiment (n = 4 for fetal CPCs; n = 3-7 for adult CPCs) using the Qiagen RNAeasy isolation kit according to the manufacturer's instructions (Qiagen). cDNA was synthesized with 250 ng RNA per sample using M-MLV Reverse Transcriptase (Bio-Rad) and subjected to qPCR using iQTM SYBR@ Green Supermix and the CFX384 detection system (Bio-Rad). Primer sequences for qPCR and annealing temperatures are presented in Table II .
For immunofluorescence labeling, all samples were washed with PBS (phosphate-buffered saline) at 37°C, fixed in 3.7% (v/v) formaldehyde for 15 min, and rinsed four times with washing buffer (see Supplementary Material). A blocking step in 1% horse serum was followed by staining with primary and secondary antibodies, and 4',6-diamidino-2-phenylindole (DAPI) for nuclear staining. Used antibodies and dyes are listed in Table III . Immunofluorescence images were acquired with a Leica TCS SP5X confocal microscope.
All data are presented as mean ± standard deviation (SD). For qPCR data analysis, cycle-threshold (C t ) values were normalized to the reference gene (GAPDH) value, and signals of CMPC-CSps, CSps, and CDCs were compared with those of the cell monolayer (CMPCs and EDCs for fetal and adult cells, respectively) and presented as fold change 
Results

Notch signaling is enhanced in CPC spheroids
The effect of 3D culture on Notch signaling in fetal (CMPC-CSps) and adult (CSps) CPCs was evaluated by CMPC-CSps and CMPC monolayer showed a similar expression of N1. However, CMPC-CSps displayed increased expression of N2 and N3 (2.0-and 2.5-folds), and Jag1 (1.9-fold) [ Fig. 1(a) ], and a 13.8-fold upregulation of the target gene Hey1 [ Fig. 1(b) ]. Adult CSps displayed upregulation of N1 and N3 (2.2-and 2.9-folds, respectively) as compared with both adult cell monolayers (EDCs and CDCs), whereas N2 and Jag1 showed similar gene expression levels in all samples, although a modest downregulation was shown in CDCs as compared with CSps [ Fig. 1(c) ]. Significant upregulation of Hey1 was observed in CSps as compared with both EDCs and CDCs [6.6-fold change; Fig. 1(d) ].
Immunofluorescent staining revealed the presence of the N2 receptor in the cell nuclei in CMPC-CSps as well as in the CMPC monolayers, supporting the activation of Notch signaling suggested by the gene expression data [ Fig. 1(e, f) ]. Similar protein localization was observed in adult CSps and cell monolayers (EDCs, CDCs; Supplementary Fig. S2 ). Staining for N1 and N3 showed localization to the cell membrane and around the cell nuclei, respectively ( Supplementary  Fig. S1 ).
These results indicate that spheroid 3D culture favors the activation of Notch signaling in CPCs, more evidently in adult CSps than in fetal CMPC-CSps. 
Notch signaling enhancement in CPC spheroids is increased by physiologic oxygen culture
Oxygen tension is known to regulate many cell functions via the hypoxia and the Notch pathways, and is a key player in the stem cell niche. [18] [19] [20] Therefore, we examined Notch signaling in fetal and adult CSps under physiological oxygen conditions (5% O 2 ). CMPC-CSps exhibited an increase in the RNA expression of all Notch components [ Fig. 2(a) ], and a remarkable upregulation of the target gene Hey1 was observed [46.8-fold; Fig. 2(b) ].
Similarly, adult CSps showed upregulation of N1 and N3 markers (2.3-and 2.2-folds, respectively) as compared with the monolayers (EDCs and CDCs), despite a slight downregulation of Jag1 (0.5-fold). No differences in the expression of N2 were observed between the three cell types [ Fig. 2(c)] . Activation of the Notch downstream targets in adult CSps was demonstrated by Hey1 upregulation [22.7-fold; Fig. 2(d) ].
Immunofluorescence staining showed the presence of N2 in the cell nuclei in CMPC-CSps and in the respective cell monolayer [ Fig. 2(e, f) ].
To determine the effect of hypoxia on Notch signaling in each cell type (adult and fetal CPCs) and culture condition (monolayer, CSps), we evaluated the expression of Notch markers at 5% O 2 as compared with 20% O 2 . In fetal CMPCs and CMPC-CSps, a general downregulation of all markers was observed [ Supplementary Fig. S3(a, b) ], except for a 2.1-fold upregulation of Hey1 in CMPC-CSps at 5% O 2 . In adult cells (CDCs, CSps), no changes were observed at 5% oxygen, except for a modest increase in the expression of N1 in CDCs (1.5-fold) and of Jag1 in CSps (1.5-fold) [ Supplementary Fig. S3(c, d) ].
The presented results indicate that the enhanced expression of Notch components and target genes in fetal and adult 3D CSps is further improved by culture under physiological oxygen tension.
Discussion and outlook
Multicellular spheroids, such as CSps, represent an in vitro model of the cardiac niche. [8, 21] The 3D environment and enhanced cell-cell and cell-ECM contacts offered by CSps can stimulate several molecular signaling and cellular functions. Notch is a highly conserved pathway that plays a key role in determining cell fate decisions in the heart. In CPCs, activation of Notch is needed to initiate cardiomyogenic differentiation; [13] furthermore, transplantation of CPCs with increased Notch activity results in decreased infarct area and improved functions in an infarcted heart model. [22] Previous studies have shown upregulation of Notch receptors 1 and 3 in CSps, as compared with the respective cell monolayer. [23] Here, the upregulation of Notch receptors, and more importantly of the target gene Hey1 (13.8-and 6.6-folds in fetal and adult cells, respectively), suggests activation of Notch pathway in fetal and adult CPCs cultured as CSps. Moreover, in the presence of a physiological oxygen condition (5%), the 3D culture seemed to lead to an even stronger activation of Notch, as indicated by the enhanced upregulation of Hey1 (46.8-and 22.7-folds in fetal and adult CPCs, respectively).
Interestingly, in CPC monolayers grown under 5% O 2 the expression of Notch components and target genes is either Fig. S3 ). However, when CPCs are grown as CSps under 5% O 2 , the enhancement of Notch signaling is even stronger as compared with 20% O 2 , suggesting that the 3D culture is needed for activation of Notch signaling increased under physiological oxygen tension in CPCs. In particular the reported data suggest that, in both fetal and adult CPCs, N2 is the component that translocates to the cell nuclei in response to spheroid formation as a result of Notch signaling activation. However, unlike fetal CPCs where all Notch markers are upregulated by the 3D culture, in adult CSps the gene expression of N2 seems unvaried as compared with the cell monolayer, indicating that in adult CPCs the activation of Notch is not due to increased RNA levels. The observation might be explained by the different developmental stage of the two cell types, and a distinct response to environmental factors on Notch signaling in fetal and adult cells.
Altogether, our findings suggest that in vivo-like conditions, as provided by the 3D spheroid system, particularly under with physiologic oxygen tension, enhance Notch signaling in human CPCs, of both fetal and adult origin. Given the role of Notch in CPCs, this might be an important mechanism for several cell aspects of cardiac regeneration, such as maintenance of the CPC pool via enhanced survival and proliferation, maintenance of CPC multipotency and tissue homeostasis. However, it is tempting to speculate that a further increased activation of Notch (due to lower oxygen concentrations) might induce differentiation of CPCs into the cardiomyogenic lineage, resulting in improved extracellular matrix production and remodeling, [24] mechanical integration, [25] and might ultimately favor cardiac regeneration (Fig. 3) . Further studies are needed in order to better understand the influence of microenvironmental conditions on human CPCs, and disclose their full potential for cardiac regeneration.
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The supplementary material for this article can be found at https://doi.org/10.1557/mrc.2017.82 spheroid culture provides improved cell-cell and cell-ECM contact and gradients of oxygen and nutrients, [9, 26] more similar to the in vivo environment. This results in enhanced Notch activation and might thus lead to: (b) CPC proliferation and maintenance of the stem cell pool and of niche homeostasis (20% O 2 ); or (c) cardiac differentiation, increased ECM production and modulation, mechanical integration and ultimately to a cardioprotective effect and cardiac regeneration (5% O 2 ).
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